The mechanisms initiating, regulating and sustaining the systemic stress response to a surgical injury have not all been identified yet. Recent studies point to the adipose tissue as a major endocrine system, the hormones of which influence energy homeostasis, glucose and lipid metabolism, vascular homeostasis, and immune response. Essential elements of this control system are leptin and ghrelin. The purpose of the present study was to compare the patterns of leptin and ghrelin secretion in different perioperative periods in patients undergoing elective cholecystectomy, and to relate the changes in circulating leptin or ghrelin to concomitantly occurring changes in glucose, insulin, C-peptide, growth hormone (GH), insulin-like growth factor (IGF)-1, total cortisol, free cortisol index, and interleukin-6, and other clinical parameters. Thirty patients were included in the study. Blood was sampled at seven time points between one hour prior to the induction of anesthesia (first observation) to approximately 24 hours later. Both leptin and ghrelin displayed a parallel decrease in concentrations from baseline in the intra-and postoperative periods, with a parallel return to baseline on the morning of the first postoperative day. However, at each perioperative period the leptin trend was not associated with that of other substances(including ghrelin).Likewise, the ghrelin time trend was independent of other study variables (including leptin). What triggers this response remains unknown but this study implies that it is unlikely to be the hypothalamicpituitary-adrenocortical, GH/IGF-1, or glucose homeostatic axis, or proinflammatory cytokines.
INTRODUCTION
To face a great diversity of insults, the body has developed natural defense mechanisms, most of which are accompanied by temporary starvation, without having to rely upon external support. Consequently, the initial response to acute insults, such as illness or trauma, is an increased availability of glucose, amino acids and free fatty acids. Utilization of these substrates is reduced and preferentially directed toward vital organs, such as the brain and the immune system [1] . This acute metabolic response is thought to be at least partly evoked by endocrine changes, including an activated hypothalamic-pituitary-adrenocortical (HPA) axis, hypersecretion of prolactin, growth hormone (GH) in the presence of low circulating insulin-like growth factor (IGF-1), and a low activity state of the thyroid and gonadal axis [2] [3] [4] [5] [6] . These changes have been consistently viewed as adaptive or beneficial during the first hours or days of illness, as they may reduce and redirect energy consumption by catabolizing their own stored body fuels, and postpone anabolism [7] [8] [9] . The major body fuel becomes fat [10] . In the human, this defense mechanism appears to be fundamental, and is part of the overall "stress response". This has been studied most commonly in relation to surgery, because the catabolic changes that occur can be observed from a well-defined starting point [11] .
Major and moderate surgery represents a physical stress [12] . The systemic stress response to an injury caused by a surgical operation is complex and is followed by a characteristic period of biologic repair with neuroendocrine, acutephase, metabolic, and immunological responses. As such, multiple factors may work in concert to mediate the systemic stress response. Though mechanisms initiating, regulating, and sustaining this response have not all yet been identified [10] , the catabolic response to surgical injury is one of the most potent activators of the HPA axis, and alters the GH/IGF-1 axis [12] . During the last years, the role of cytokines in response to surgery, and the interaction between the immunological and neuroendocrine systems, has furthered interest in the subject [9] . Yet, a potentially important insight into the question is provided by recent studies pointing to the adipose tissue as a highly active endocrine organ secreting a range of hormones regulating energy metabolism [13] .
The newly discovered secretory function of the adipocytes has shifted the view of the white adipose tissue from a simple energy storage tissue to a major endocrine system, the hormones of which influence energy homeostasis, glucose and lipid metabolism, vascular homeostasis, and immune response [13] . They directly influence other organ systems, including the brain, liver, and skeletal muscle, and are significantly regulated by nutritional status [13] . Essential elements of this control system are leptin and ghrelin, both of which signal nutritional status and energy storage levels to the hypothalamic neurons that regulate feeding behavior [14, 15] . The reciprocal actions of leptin and ghrelin are mediated by the hypothalamic neurons in the arcuate nucleus containing neuropeptide Y (NPY) and agouti-related peptide, which induce feeding, and neurons containing proopiomelanocortin and cocaine and amphetamine-regulated transcript, which inhibit feeding. Leptin inhibits NPY neurons and stimulates proopiomelanocortin neurons to suppress feeding, whereas ghrelin activates NPY neurons and inhibits proopiomelanocortin neurons to promote food intake [14] [15] [16] .
The protein leptin, an adipocyte-derived hormone, has dual regulation in human physiology. During periods of weight maintenance, when energy intake and energy output are equal, leptin concentrations reflect total body fat mass. However, in conditions of negative (weight-loss programs) and positive (weight-gain programs) energy balances, the changes in leptin concentrations function as a sensor of energy imbalance [13, 17] . In this setting, leptin is acutely regulated by departures from the normal energy balance, such as fasting. It is of particular importance that the acute downregulation of leptin by fasting operates independently of the available adipose-tissue triglyceride stores, indicating that the total fast is an equal metabolic stress in lean and obese humans [18] .
A major step forward in understanding networks regulating energy homeostasis is the discovery of ghrelin. Since 1999 [19] , the volume of literature on ghrelin biology is impressive [15] . However, many unanswered questions remain. Identification of the stimuli and pathways regulating ghrelin synthesis and release is fundamental to discovering new approaches to the diagnosis and treatment of different disease entities [20, 21] , including those related to the overnutrition of obesity and the catabolic response to surgical trauma [13] . Theoretically, ghrelin is a promising candidate for treating catabolic states and enhancing immune function in cachexia [14, 22] .
In a previous, preliminary study involving a cohort of adult patients undergoing elective cholecystectomy [23] , we showed that serum total ghrelin concentrations significantly decreased from baseline during the intraoperative period, as well as over the course of several hours after surgery, returning to baseline levels on the morning of the first postoperative day. However, these observations needed to be extended to the complex network of factors regulating the systemic stress response to surgical injury, and it was with this aim that in the same cohort of study patients we evaluated (1) whether leptin and ghrelin responses to uncomplicated surgical injury are dependent of one another; and (2) whether these responses are mediated by the HPA, GH/ IGF-1,and glucose homeostatic axes, and proinflammatory cytokines. To our knowledge, this is the first report to evaluate jointly perioperative changes in serum leptin, ghrelin, cortisol, free cortisol index , GH, IGF-1, glucose, insulin, C-peptide, and interleukin (IL)-6 concentrations. ] with ultrasound-proven cholecystolithiasis undergoing elective cholecystectomy via laparoscopy or laparotomy at the Surgical Department at the Hospital Umberto I° of Rome, were recruited to the study [23] . All patients presented a low surgical risk (American Society of Anesthetists' score 1 or 2). To avoid potential confounding, strict selection criteria were applied. Patients with a diagnosis of choledocholitiasis, jaundice, acute cholecystitis, and pancreatitis; those in whom laparoscopic procedure was converted to laparotomy procedure; those with a history of metabolic, endocrine, hepatic, cardiac or renal disease; those who, before surgery, received medication known to interfere with hormonal responses to stress; those with a history of tobacco use or substance abuse; those with BMI greater than 25 Kg/m 2 ; and those younger than 20 years or older than 50 years were not eligible for the study. The study was approved by the Hospital Ethical Committee, and each participant gave informed consent to be included in the study.
MATERIALS AND METHODS

Patients
Study patients received one of two surgical procedures. One group(twenty patients, of whom 13 were females)underwent laparoscopic cholecystectomy (LC), while open cholecystectomy (OC) was performed on the other group (ten patients, of whom 4 were females). All surgical procedures were scheduled between the morning hours 08.30-09.00, after an overnight fast. Details of the operative procedures for each group have been published elsewhere [23] . There was no patient in whom laparoscopic procedure was converted to open cholecystectomy. There were no significant differences in the mean duration of surgery (time elapsed from the end of the induction of anesthesia until exsufflation or incision closure) between LC (92 min. ± 36.8 SD; range, 40-190 min) and OC (108 min. ± 30.9 SD; range, 80-165 min) groups. All patients were operated on a standardized regimen of general anesthesia [23] . As oral and intravenous glucose have been reported by some authors to decrease ghrelin levels [24] , fluid replacement was performed with normal saline solution during surgery and throughout the postoperative course until the next morning after surgery (see below) when the 7 th blood sample was taken. All patients had an uneventful postoperative clinical course, and were discharged within postoperative day 3.
Samples and Assays
Serial blood samples were collected from the indwelling venous cannula of each patient at the following times: at the baseline fasting state, preoperatively (sampling time T1: approximately 60 min before induction of anesthesia); after induction of anesthesia (T2); at half an hour intraoperatively (T3); at the end of surgery,i.e. at exsufflation or incision closure (T4); in the first 6 (afternoon, T5) and 10 (evening, T6) postoperative hours after the start of surgery; and on the morning (08.00) of the first postoperative day (T7). Serum was obtained from these samples, aliquoted for later duplicate measurements of leptin, ghrelin [23] , insulin, C-peptide, IGF-1, GH, total cortisol, cortisol-binding globulin (CBG), and IL-6, and frozen at -80°C until the time of their analyses. Conversely, serum glucose concentrations (mg/dL) were measured by the hospital laboratory, through the glucose oxidase method, soon after samples were collected.
We measured GH levels using an IRMA (CIS Bio International, Schering S.A., Gif-Sur-Yvette Cedex, France; detection limit, 0.02 ng/mL). An IRMA (Immunotech, Beckman Coulter, Inc., Marseilles, France) was also used to measure IGF-1 (detection limit, 2 ng/mL) and C-peptide (detection limit, 0.015 ng/mL). A RIA was used to measure human leptin (DRG Diagnostica, Marburg, Germany; detection limit, 0.5 ng/mL), insulin (CIS Bio International, Schering S.A., Gif-Sur-Yvette Cedex, France; detection limit, 2.0 μU/mL), and total cortisol (RADIM, Pomezia, RM, Italy; detection limit, 2.48 nmol/L). As serum total cortisol is approximately 80% bound to a specific binding protein such as CBG [25] , variation in serum CBG has been shown to significantly affect serum cortisol levels in healthy volunteers [26] as well as in patients with critical illness [27, 28] . Thus, in this study, cortisol was not the only parameter followed to evaluate adrenal function; CBG (DRG Diagnostica; detection limit, 0.25 mg/L) was also measured, and therefore adrenal function was also evaluated by the free cortisol index (FCI)[defined as serum total cortisol concentration divided by CBG (nanomoles/milligrams)], as a surrogate for the serum free cortisol [5, 25] . FCI has been previously reported to correlate well with serum free cortisol, the biologically active component, in healthy volunteers [29] as well as in patients undergoing major elective surgery [30] . An enzymelinked immunosorbent assay, Quantikine (R&D Systems, Minneapolis, MN, USA), was used to measure serum concentrations of IL-6 .We chose to measure IL-6 because research into a number of cytokines has identified the key role of this cytokine as local mediator and as major responsible for the acute-phase response.
Statistical Analysis
A frequency distribution of the 30 observations of each parameter at each of the 7 time points was constructed and inspected. Given that every frequency distribution was positively skewed, the natural logarithm of each observed value was calculated, and these logarithms were used in all subsequent calculations. In order to investigate how the mean level of each parameter changed between the first and the seventh (and last) observation, two-way analysis of variance (in which the rows represented the patients and the columns were the 7 time points) was applied to the logarithms of each parameter. Differences between values observed at two time points were evaluated using the paired t test on the logarithms of the values. Pearson's product moment correlation with two-tailed probability values was used to measure the strength of association between the variables at any given time point. Multiple regression analysis was used to investigate whether the gender of the patients and the type of operation influenced the mean levels of the logarithms of the laboratory variables. A p value of less than 0.05 was considered to be statistically significant.
RESULTS
After induction of anesthesia, at T2, geometric mean concentrations of most substances were significantly lower than the baseline (Table 1) . However, at this sampling time, geometric mean concentrations of both ghrelin and GH did not decrease significantly compared to baseline, while IL-6 concentrations remained very low. Leptin levels displayed a biphasic pattern similar to that previously reported for ghrelin [23] ; during surgery, they still decreased significantly compared to the baseline values, reaching a minimum at both T4 and T5, after which they slightly increased at T6, returning to baseline values at T7 ( Table 1) . Thus the time trends of leptin as well as of ghrelin appear to be a function of the intra-and postoperative periods considered ( Table 1) .
With respect to the glucose homeostatic axis, there was no significant change in basal serum insulin and C-peptide levels at any of the defined intra-and postoperative time points. In contrast, serum glucose concentrations increased significantly during surgery, reaching a peak at the end of surgery and then falling toward the starting concentrations before operation ( Table 1 ). There was a slow but progressive and significant decline in circulating IGF-1 concentrations from T4 to T7 ( Table 1) . Total cortisol concentrations did not change significantly at T3, peaking at T4, and decreasing thereafter. In contrast, FCI was significantly higher than the baseline at T3 as well as T4 time points, after which it approached the baseline values at any postoperative period ( Table 1) . Serum GH concentrations increased significantly during surgery, remained elevated until the end of surgery, and then showed a tendency to return to baseline within the earlier postoperative period (T5). This was followed, however, by a significant increase of serum GH concentrations from baseline over the later postoperative periods ( Table 1) . IL-6 concentrations were not increased significantly from baseline until 6 hours after the start of surgery. This increase was maintained, with IL-6 values remaining significantly greater than baseline concentrations in later postoperative study periods ( Table 1) .
In regression analysis, gender, duration of surgery, and type of surgical procedure had no significant effect on log ghrelin [23] , GH, IGF-1, glucose, insulin, C-peptide, and total cortisol concentrations, and FCI when adjusted for patients and times. In contrast, gender had a significant effect on log leptin concentrations when adjusted for duration and type of surgical procedure, with females having significantly higher (p<0.0001) levels than males. Conversely, the type of surgical procedure was independently associated with IL-6 response. In fact, serum IL-6 was significantly increased in patients undergoing laparotomy (p < 0.0001),which in turn indicated less surgical injury following laparoscopic approach. Nonetheless, serum IL-6 changes showed similar kinetics in both groups (data not shown), peaking in the immediate postoperative period (T5), and remaining increased on the morning of the first postoperative day.
As the time trends of both ghrelin and leptin appeared to be a function of the intra-and postoperative periods considered, multiple regression analysis was used to evaluate, after adjustment for gender and type of surgical procedure, whether at each perioperative period the ghrelin trend was associated with that of other study substances (including leptin), and whether the leptin trend was associated with that of other study variables(including ghrelin). In this regression model, changes in ghrelin as well as in leptin concentrations at each perioperative period were not found to depend on any change in other study variables.
DISCUSSION
The present study reports on the complex time course and interrelationship of leptin, ghrelin, free cortisol index, glucose homeostatic axis, GH, IGF-1, and cytokines such as IL-6 in different perioperative periods of a cohort of adult patients undergoing elective cholecystectomy whose strict selection criteria, similar pre-, intra-and postoperative conditions other than the surgical approach, low surgical risk, and uncomplicated intra-and postoperative clinical course represent the unique feature of this study.
As expected [31] , induction of anesthesia was associated with a significant decrease in serum concentrations of most substances compared with baseline. However, no reduction in serum GH concentration was observed. This agrees with data previously reported by other Authors in the same category of patients [31] . Yet, the novel finding of our study is that ghrelin may be added to the list of substances whose concentrations remain stable after induction of anesthesia.
To some extent our findings of a decrease in leptin concentrations from baseline in the intra-and postoperative periods of adult patients undergoing elective cholecystectomy, with a return to baseline on the morning of the first postoperative day, were not unexpected, and complement those of other studies relating leptin to the systemic stress response over the immediate postoperative period. Wallace et al. measured circulating concentrations of leptin in nine patients who underwent an elective mini-laparotomy cholecystectomy [32] . Compared with baseline values, over the 72 h from the start of surgery, leptin concentrations dramatically dropped at 3 h, peaked at 18 h, and returned to baseline thereafter. Kain et al. studied the leptin response in 21 women who underwent major elective abdominal surgery [33] . In that study, mean leptin concentrations had a maximal decrease to 49% of baseline 2 h after surgery, and increased to just above baseline 24 h postoperatively. ModanMoses et al. studied the leptin response in 29 patients, who were operated for the correction of congenital heart defects by open heart surgery involving conventional cardiopulmonary bypass (CPB) techniques or closed palliative heart surgery [34] . In the twenty patients who underwent CPB, leptin fell during CPB to 51% of baseline, then gradually increased, reaching 120% of baseline levels at 12-18 h postoperatively. In the nine patients undergoing closed-heart Times   T1  T2  T3  T4  T5  T6 surgery, leptin levels displayed a pattern resembling that encountered after CPB.
In view of the above findings, the leptin response observed during surgical stress has been interpreted as an appropriate adaption to an acute stress to help maintain homeostasis [35] . Indeed, adaption to starvation or caloric restriction may be the primary physiologic need for which leptin (as well as ghrelin) evolved as a peripheral regulator of energy balance [18, 36] . Thus, a role for leptin in preventing obesity might have less evolutionary importance. During mammalian evolution, the threat of starvation far outweighed that of obesity, so there was probably stronger selection for the ability to respond to being underweight than for the ability to respond to being overweight [36] .
Most conditions of acute stress are accompanied by starvation or at least a degree of protein malnutrition [37] [38] [39] [40] . As with ghrelin [23] , falling leptin concentrations may be an appropriate process secondary to a metabolic stress such as nutritional deprivation. In humans, chronic undernutrition (marasmus and kwashiorkor) and acute dietary restriction (fasting) induce a clear-cut reduction of serum IGF-1 associated with increased GH levels [41] , suggestive of a nutritionally acquired lack of GH action or GH resistance [13] . As such, the neuroendocrine profile observed in the present study was very similar to that generally observed in acute dietary restriction [7] . It included a clear-cut decrease in CBG (a liver-derived plasma protein) ( Table 1) , and IGF-1, coupled with elevated circulating levels of GH.
Despite their similar biphasic response to acute perioperative stress, a novel finding of this study was the observation that the adaptive responses exhibited by ghrelin and leptin during the well defined surgical injury of cholecystectomy, were independent of one another. These observations raise important questions about the interrelationship between ghrelin and leptin. In plasma, reciprocal relationships exist between ghrelin and leptin [15] . In rats, fasting augments the pulsatile secretion of ghrelin, and diminishes leptin secretion [42] . It was predicted that in the absence of ghrelin, leptin and insulin levels would not be affected by feeding and fasting. However, identical changes in plasma insulin and leptin levels induced by feeding and fasting of wild-type mice were also observed in ghrelin -/-and Ghsr -/-mice [43, 44] . Hence,the secretion of leptin and insulin in response to changes in energy balance is not dependent upon either ghrelin or its receptor. The opposing effects of ghrelin and leptin on appetite are not explained by ghrelin regulation of leptin secretion, but may involve mutual antagonism at the functional level [15] .
A component of the response to surgical injury is the neuroendocrine stimulation of the HPA axis. As expected, FCI increased throughout surgery, suggesting a temporal inverse relationship between the marked decreases in leptin or ghrelin concentrations and the marked elevations of FCI throughout surgery. However, we were unable to observe a statistically significant reciprocal association between leptin and FCI at any of the pertinent sample periods. Previous studies [32] [33] [34] have shown an inverse relationship between leptin and cortisol, suggesting that an initial cortisol surge triggers an initial decrease in leptin concentrations, and that this increase in cortisol in turn promotes a rise in circulating leptin. A general note must be taken regarding the type and method of data analysis used in these studies. When analyzing data from such studies, it is essential to adjust the associations to exclude the potential confounding effects of age, gender, weight, body mass index, and other factors such as exogenous administration of glucocorticoids, or determination of total cortisol concentrations as the only parameter to evaluate adrenal function. The controversy surrounding the issue is further highlighted by Torpy and colleagues [45] , who questioned whether the reported effects of glucorticoids on leptin levels may not be a physiologic phenomenon, but rather a pharmacologic one, occurring only with high doses of synthetic glucorticoids [45] .
We also were unable to observe a statistically significant reciprocal association between ghrelin and FCI at any of the pertinent sample periods. We therefore confirm previous reports showing no relation between daily ghrelin and cortisol (either in total amount by area under curve or secretion patterns) [46] .
The major fuel source in the normal human is glucose. Leptin regulates glucose homeostasis through the central nervous system ,adipose tissue, pancreas, liver, and muscle [47] ; ghrelin may antagonize leptin in specific cells present in each of these target organs [15] . A prominent feature of the response to injury is hyperglycemia. Studies in patients undergoing cholecystectomy demonstrate a small increase in hepatic glucose production with markedly decreased peripheral utilization [10] . The linear relationship between blood glucose and insulin levels existing prior to surgery was absent afterwards [10] . A major mediator is epinephrine; infusion into postabsorptive normal subjects results almost immediately in enhanced gluconeogenesis, and reduced peripheral tissue uptake of glucose [48] . Similar but delayed effects are seen with cortisol infusion [49] . Epinephrine inhibits insulin secretion, whereas cortisol does not inhibit insulin release and thus does not result in severe hyperglycemia. Thus it is not surprising that in our clinical setting a prominent feature of the intraoperative response was a significant increase of baseline glucose values which showed no correlation with serum total cortisol concentrations and, more importantly, with FCI. Keeping in mind the above background, the observation of apparently normal insulin concentrations throughout the study period was also not unexpected. This finding was confirmed by the similar pattern of C-peptide. In this study, we chose to measure both insulin and C-peptide because endogenous insulin secretion is assessed best by measurement of C-peptide, which is cosecreted with insulin in a one-to-one molar ratio but unlike insulin experiences little first pass clearance by the liver [50] . As such, in our cohort of patients who underwent elective cholecystectomy and had an uncomplicated clinical course, both insulin and C-peptide remained stable, within reference intervals, through the entire study period. Although supraphysiologic insulin levels can suppress ghrelin levels and, conversely, cause a modest increase in leptin secretion [13, 51] , in our controlled environment circulating insulin at physiologic levels did not appear to be either leptin or ghrelin regulatory factor candidate. Moreover, in our selective environment we were unable to observe any correlation of glucose with leptin as well as with ghrelin concentrations. Similar observations have been reported by others [13, 15, [51] [52] [53] .
The systemic stress response is also mediated by inflammatory mediators originating from the surgical wound. Of these mediators IL-6 appears to be the major regulator of this response and,as has been shown previously [54, 55] , serum levels of IL-6 are proportional to the severity of tissue. IL-6 has a crucial role in the induction and control of the acutephase protein response. In the present study, serum IL-6 changes showed similar kinetics in both groups (data not shown), peaking in the immediate postoperative period (T5), and remaining increased on the morning of the first postoperative day. The findings were not unexpected [55] . The observation of significantly higher values of IL-6 in the laparotomy group suggests that the acute-phase response after open surgery is more intense than after laparoscopy cholecystectomy, which in turn indicates less surgical injury following laparoscopic approach, whereas a host of other parameters shift to variably similar extents in the two patient subgroups. This is in line with previous observations that the differences in biochemical responses to OC versus LC essentially are limited to acute-phase reactions [56] . Targarona et al. found no differences in concentrations of glucose, insulin, glucagons, GH, serum total cortisol, adrenocorticotropic hormone, and prolactin between patients undergoing cholecystectomy by LC and those by OC [56] . However, the acute-phase response component (including IL-6 changes)was less intense after LC compared to OC [56] .
In summary, this study documents that one of the adaptive mechanisms associated with surgical stress is a fall in serum leptin and ghrelin. Some factor triggered during the systemic stress response to surgical injury is responsible for the observed phenomena, although it remains unknown but appears to be neither GH nor cortisol nor glucose homeostatic axis nor the type and severity of surgical procedure.
